ABSTR ACT
Activated polymorphonuclear neutrophils play an important role in the pathogenesis of vaso-occlusive painful sickle cell crisis. Upon activation polymorphonuclear neutrophils can form neutrophil extracellular traps. Neutrophil extracellular traps consist of a meshwork of extracellular DNA, nucleosomes, histones and neutrophil proteases.
Neutrophil extracellular traps have been demonstrated to be toxic to endothelial and parenchymal cells. This prospective cohort study was conducted to determine neutrophil extracellular trap formation in sickle cell patients during steady state and painful crisis. As a measure of neutrophil extracellular traps, plasma nucleosomes levels were determined and polymorphonuclear neutrophil activation was assessed measuring plasma levels of elastase-α 1 -antitrypsin complexes in 74 patients in steady state, 70 patients during painful crisis, and 24 race-matched controls using Enzyme Linked Immunosorbent Assay. Nucleosome levels in steady state sickle cell patients were significantly higher than levels in controls. During painful crisis levels of both nucleosomes and elastase-α 1 -antitrypsin complexes increased significantly. Levels of nucleosomes correlated significantly to elastase-α1-antitrypsin complex levels during painful crisis, (Sr = 0.654, P < 0.001). This was seen in both HbSS/HbSβ 0 -thalassemia (Sr=0.55, P<0.001) and HbSC/HbSβ + -thalassemia patients (Sr=0.90, P=<0.001) during painful crisis. Levels of nucleosomes showed a correlation with length of hospital stay and were highest in patients with acute chest syndrome. These data support the concept that neutrophil extracellular trap formation and neutrophil activation may play a role in the pathogenesis of painful sickle cell crisis and acute chest syndrome.
INTRODUCTION
Sickle cell disease (SCD) is characterized by recurrent acute painful vaso-occlusive crisis (VOC), accounting for the vast majority of SCD related hospital admissions [1] [2] [3] .
VOC related complications, such as acute chest syndrome, stroke and multi-organ failure are associated with high morbidity and mortality [4] . The exact pathogenesis of acute painful VOC remains to be elucidated. Alongside the crucial role for sickle erythrocytes in this, it encompasses an inflammatory response as evidenced by endothelial activation, coagulation activation and enhanced cellular adhesion, finally all contributing to microvascular occlusion.
Leukocytes play an important role in the development of microvascular obstruction and sickle cell disease related complications. In steady state sickle cell patients, leukocytosis is associated with severity of disease [5] . Clinical studies show that leukocytosis is a risk factor for major sickle cell related complications such as stroke [6] , acute chest syndrome [7] and early death [8] . Additionally, the clinical benefit of hydroxycarbamide in sickle cell patients has partly been attributed to a reduction in polymorphonuclear neutrophil (PMN) cell count [9] and reduced PMN adhesion [10] . In vitro studies have demonstrated that PMN isolated from sickle cell patients are primed as evidenced by an increased expression of adhesion molecules [11] [12] [13] , rendering them more susceptible for inflammatory stimuli as compared to PMN from healthy controls [14] . Moreover, activation of PMN, e.g. upon interaction with red blood cells [15] , leads to the production of toxic reactive oxygen species (ROS), contributing to oxidative stress [16] . In-vitro studies as well as in-vivo studies in SCD mice models demonstrate P-and E-selectin interactions with integrins [17] [18] [19] to be crucial for the adherence of leukocytes to endothelial and sickle red blood cells, contributing to the complex process of vaso-occlusion [20, 21] . This identifies PMN activation and adhesion as important processes in the pathogenesis of vaso-occlusion in SCD.
Recently, activated PMN have been demonstrated to form neutrophil extracellular traps (NET) [22] . During NET formation, DNA and DNA-binding proteins are extruded from the neutrophils exposing a mesh consisting of nucleosomes, histones and neutrophil proteases such as elastase. These NET are regarded to be part of the innate immune response system [23] . However, their function is considered to be a doubleedged sword. On one hand, NET formation is an efficient strategy to kill invading micro-organisms, like bacteria and fungi. On the other hand, NET can become harm-ful for the host since its exposed compounds (e.g. the mesh of DNA, histones and neutrophil proteases) are toxic to endothelial cells and parenchymal tissue [24] [25] [26] .
NET formation has been reported to be pro-coagulant in inflammatory models and is thought to contribute to the development of disseminated intravascular coagulation, and hence to morbidity and mortality in sepsis [27] [28] [29] . Circulating nucleosomes and markers of neutrophil activation have been reported to be suitable markers for NET formation in plasma in baboons and humans [29] [30] [31] . Nucleosomes consist of a core octamer of two copies each holding the histones H2A, H2B, H3 and H4, around which a segment of helical DNA of 146 base pairs is wrapped [32] . Nucleosomes can be actively released into the circulation from dead cells as a result of the activity of factor-VII activating protease (FSAP) [33] . Circulating cell-free DNA in form of nucleosomes has been reported to correlate with organ dysfunction, disease severity and mortality in sepsis patients and children suffering from meningococcal sepsis [34] [35] [36] .
So far, no data are available on NET formation in sickle cell patients. Since white blood cell counts have been shown to correlate with morbidity of sickle cell patients and since PMN activation seems to play an important role in the development of sickle cell painful vaso-occlusive crisis we hypothesized that NET formation may be involved in these processes. The aim of this prospective cohort study therefore was to measure plasma levels of circulating nucleosomes and PMN activation as evidenced by human neutrophil elastase-α 1 -antitrypsin (EA) complexes as a measure of NET formation in plasma in sickle cell patients both during steady state and painful VOC and to evaluate their correlation with crisis severity.
METHODS

Patients
This study followed a prospective design in which patients with sickle cell anemia 
Blood sample collection and laboratory analysis
Blood samples were taken by venipuncture. Blood vials were centrifuged at 4°C for 15 minutes at 3000 rpm and serum and plasma was stored in small aliquots at -80˚C until further analysis.
Hematology parameters, nucleosome and EA levels were measured in EDTAanticoagulated plasma. Soluble vascular adhesion molecule 1 (sVCAM 1) levels were determined in serum (R&D Systems; Minneapolis, USA). Lactate hydrogenase (LDH) and bilirubin levels were measured with spectrophotometry in heparinized plasma (P800 Modular, Roche, Switzerland). Plasma levels of the long pentraxin-3 (PTX3)
were determined using sandwich ELISA [38] . Antigen levels of von Willebrand factor (vWFag) were assessed by ELISA using antibodies from Dako (Glostrup, Denmark).
Nucleosome levels were measured using ELISA as described previously [35, 39] . Neutrophil activation in form of elastase-α 1 -antitrypsin (EA) complexes was measured by an ELISA as previously described [30, 40] .
Statistical analysis
For statistical analysis patients were divided primarily in two groups; patients with the and 60 hours after admission. No infection was reported for any of the patients with an acute chest syndrome.
Nucleosomes and neutrophil activation
Plasma levels of nucleosomes were significantly higher during painful crisis (20.0 U/ ml; IQR 7.9-107.3) as compared to those in steady state (6.4 U/ml; 3.5-9.7, P < 0.001) ( Figure 1A ). This was seen in both HbSS/HbSβ 0 -thal (20.2 U/ml; 8.9-129.0 vs 6.0 U/ml; 3.0-9.8, P < 0.001) and HbSC/HbSβ + -thal (11.7 U/ml; 5.1-67.7 vs 7.1 U/ml; 4.6-9.6, P = 0.045) patients ( Figure 1B) . Plasma levels of nucleosomes in healthy controls were just above the detection limit of the assay (5.0 U/ml; 3.0-6.5). In steady state sickle cell patients plasma levels of nucleosomes were significantly higher compared to levels in healthy controls (P = 0.031). In the analysis for the two genotype groups separately, the same was seen for HbSC/HbSβ + -thal patients in steady state (P = 0.020) while plasma nucleosome levels in HbSS/HbSβ 0 -thal patients in steady state
were comparable with those in healthy controls (P = 0.089). Plasma levels of EA were significantly higher during painful crisis (73.6 ng/ml; 54.9-100.8) as compared to those in steady state (46.2 ng/ml; 34.3-65.6, P < 0.001) ( Figure 1C ). This was seen in HbSS/HbSβ 0 -thal patients (75.1 ng/ml; 56.5-102.4 vs. 45.7 ng/ml; 34.7-59.7, P < 0.001), while in HbSC/HbSβ + -thal patients, the increment did not reach statistical significance (62.0 ng/ml; 48.0-96.7 vs 50.2 ng/ml; 33.3-67.7, P = 0.051) ( Figure 1D ). Plasma levels of EA in healthy controls (39.9 ng/ml; 31.5-62.2) were comparable to those in steady state sickle cell patients (P = 0.330).
During painful crisis, levels of nucleosomes correlated significantly with levels of EA (Sr = 0.654, P < 0.001). This was seen in both HbSS/HbSβ 0 -thal (Sr = 0.55, P < 0.001) as well as in HbSC/HbSβ + -thal patients (Sr = 0.90, P < 0.001). During steady state the correlation between levels of nucleosomes and EA was significant but weak There was no difference in levels of nucleosomes and EA between patients with and patients without documented infection during painful crisis (data not shown). The use of hydroxycarbamide had no effect on levels of nucleosomes or EA in sickle cell patients whether in steady state or during painful crisis (data not shown).
In a paired analysis of 25 patients, accounting for 36 painful crises, significant increments were observed during painful crisis in plasma levels of both nucleosomes (from 5.0 U/ml; 3.0-10.8 to 20.2 U/ml; 6.8-94.3, P < 0.001) and EA (47.9 ng/ml; 36.0-67.6 to 70.6 ng/ml; 55.9-101.4, P < 0.001) as compared to those in steady state (Figure 2A and 2B) . Leukocyte counts did not correlate with levels of nucleosomes or EA. In addition, neutrophil count did not correlate with levels of nucleosomes or levels of EA, neither when results of patients were pooled, nor when they were evaluated separately in the different subgroups. No association was found between markers of hemolysis (hemoglobin, LDH and bilirubin) and levels of nucleosomes or EA.
Association with acute chest syndrome and duration of hospitalization
Acute chest syndrome
The 6 patients who developed an ACS were among those with the highest nucleosome (359, 274.8, 190, 130, 128 and 100 U/ml, respectively) and EA levels (549.9, 120.8, 91.8, 86.7, 75.1, and 63.9 ng/ml, respectively) ( Figure 1A-1D ). In these 6 sickle cell patients with ACS, nucleosome levels were significantly higher than those in patients during painful crisis without ACS (n= 64; 160.0 U/ml; 121.0-295.9 vs 20.07 U/ml; 7.9-107.3, P = 0.002).
Hospitalization duration
Nucleosome levels, but not EA levels, correlated significantly with duration of hospital stay in all sickle cell patients during painful crisis (Sr = 0.441, P <0.001). Excluding the patients with acute chest syndrome the correlation remained statistically significant (Sr = 0.385, P = 0.002). When analyzing the correlation for HbSS/HbSβ 0 -thal patients the correlation between nucleosome levels and duration of hospital stay was stronger (Sr = 0.530, P < 0.001). Figure 3 shows the association between levels of nucleosomes and duration of hospitalization. 
DISCUSSION
In the present study we demonstrate that during painful vaso-occlusive crisis sickle cell patients have significantly higher levels of circulating nucleosomes and neutrophil activation, as shown by increased EA complexes, as compared to sickle cell patients in steady state. Results of the paired analyses support the findings of the between group-analyses. We show that patients developing the severe and potentially life-threatening complication acute chest syndrome were among those with the highest nucleosome and EA levels. Moreover, we found that nucleosome levels correlate with duration of hospitalization. Nucleosome and EA levels correlate significantly with each other during painful crisis. Together, our data provide indirect evidence for NET formation in patients with sickle cell disease suffering from VOC.
Our results are in line with a previous study in sickle cell patients demonstrating significantly increased amounts of circulating cell-free DNA, as determined by quantitative PCR amplification, in sickle cell patients during painful crisis as compared to levels in steady state [43] . Interestingly, in the current study nucleosome levels in sickle cell patients with acute chest syndrome were comparable to levels measured in patients with severe sepsis using the same assay [34, 35] . In these patients with sepsis, circulating cell-free DNA in form of nucleosomes correlated with morbidity and mortality [34, 35] .
This study has several limitations that need to be taken into account when interpreting the data collected. Firstly, we have not performed sequential nucleosome and EA analysis during admission for painful crisis in our patients, limiting the findings to a single measurement at presentation with a painful crisis. The observation that nucleosome and EA levels taken at presentation were highest in patients developing an ACS during admission are nevertheless in line with previous findings suggesting neutrophils to be an important player [44, 45] in the pathogenesis of ACS. The observation that neutrophil count does not correlate with EA or nucleosome levels in this study in sickle cell patients is supported by observations from studies in patients with severe sepsis [40] . While EA results reflect general PMN activation, it is likely that during vaso-occlusive crisis neutrophil count is a measure for circulating ("countable") neutrophils while it does not reflect neutrophils migrated to tissue or adherent to activated endothelial cells, the latter being observed in vaso-occlusive crisis in mice models for sickle cell disease [20, 21] . Secondly, the correlation during painful crisis between nucleosome levels with EA levels and PTX3, both being localized in NET [46, 47] (while the latter has previously been demonstrated to be increased during sickle cell painful vaso-occlusive crisis) [48] , support the hypothesis of PMN as an important nucleosome source via NET formation, at least during vaso-occlusive complications. This is also in line with the publications reporting circulating nucleosomes with or without markers for neutrophil activation to be a good measure for NET formation in circulation [29, 31] . However, the ELISAs detecting nucleosomes are not specific for nucleosomes released by PMN, and we can not, therefore, exclude the possibility that nucleosomes released into the circulation by other cell types, such as Moreover, the influence of the interaction of sickle cell erythrocytes with PMN on NET formation and the role of the genotype in this interaction has to be established yet.
In conclusion, we demonstrate for the first time elevated levels of circulating nucleosomes and neutrophil activation in sickle cell patients with painful crisis suggesting NET formation in these patients. NET, consisting of nucleosomes, proteases and histones, may promote endothelial activation and contribute to longer and more severe sickle cell crisis. The role of NET in the prediction of clinical complications in sickle cell disease painful crisis and as a potential therapeutic target deserves further study.
